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TRANSMITTANCE MEASUREMENTS OF OPTICAL MATERIALS
AS AFFECTED BY WEDGE ANGLE AND REFRACTIVE

INDEX IN THE 2- TO 15-MICRON RANGE

v~
-

w‘.h "% L
NANE ;
. » ?24? p
# cntiii e ety PGS,

By j .ll . B N
- K. B. LaBaw ,{\ ! r \ /L:‘—‘— —\Y
E A. L. Olsen 1‘ - L

L. W. Nichols

e H
R v L.};QY 1119'.-3 \'
T TAE Aviation Ordnance Department |! _ ""“J
R el I o= RV el
Lo n FERANE
<3 v
-t o Py
&

CT. Error in the measurement of transmittance can be made with
samples having nonparallel faces. This has been investigated because of
the extensive use of transmittance as a tool for determining properties

of semitransparent materials. Specimens of fuzed quartz, arsenic tri-
sulfide, silicon, and germanium, representing a range of refractive indices,
were fabricated to provide 0-, 1l-, 2-, 5-, and 10-milliredian wedges across
l-inch diameter disks. Transmittance measurements were taken in the 2- to
15-micron range with Perkin-Elmer Models 21 and 221 spectrophotometers,

and at 2 microns with a Cary Model 14 spectrophotometer, and correlated
with refractive index and wedge angle. For materials with a low refractive
index, such as fused quartz, the error introduced even by the 10-mil wedge
was negligible. However, for high index materials, such as germanium,

as much as 60% error was introduced by the 10-mil wedge.
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INTRODUCTION

Past irreproducibility of transmittance spectra of various optical
materials has led to an investigetion of the magnitude of the error
pogsible in transmittance measurements if the sample faces are not paral-
lel, Transmittance measurement is & fundamental tool used at present to
determine the optical properties of semitransparent materials. Determin-
ing band structure, degree of doping in semiconductors, and optical con-
stants of materials exemplify some of the uses for transmittance measure-
ments. Therefore, it i1s important to identify and, if possible, remove
sources of systematic error in transmittance measurements.,

This study was made to investigate the problem of transmittance as
related to refractive index and to surface parallelism, to ensure
accuracy of transmittance measurements.

As a method of studying the problem, transmittence measurements on
controlled optical specimens were analyzed. Specimens of fused quartz,
arsenic trisulfide, silicon, and germanium were prepared with parallel
and with controlled nonparallel sides. This report presents the results
of these transmittance measurements made with commercially available’
instruments. The results should be useful as a guide in determining how
parallel the sides must be to achieve a given degree of accuracy with
these instruments.

THEORY

There are several parameters that must be considered before any
analysis of this problem can be meaningful. The angle between the
normals to the sides of the specimens will be called the wedge angle, ®..
A wedge will deflect a beam of light; designate this detlection angle as
8. The deflection angle is a function of the wedge angle and the refrac-
tive index, n. The refractive index, in turn, depends upon the material
and the wavelength. Further, the transmittance value obtained for a given
wedge specimen will vary with the spectrophotometer concerned and with
the orientation of the wedge in the spectrophotometer beam (Fig. 1).
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POSITION INDICATOR

<O MONOCHROMATOR

4 BEAM FROM SOURCE

FIG. 1. Diagram Showing Specimen Orientation.

The following is & list of abbreviations and symbols used in this
report:

a Difference in thickness across a l-inch-diameter
specimen

n Refractive index
R Reflectance
@ Wedge angle between normals
O Beam deflection angle
O' Internally reflected beam deflection angle
T Transmittance
T  Transmittance of parallel specimen
%T Transmittance, percent
Inst Spectrophotometer
Pos 1 Thickest part of specimen is upward (O degree)
Pos 2 Thickest part is rotated 90 degrees clockwise
Pos 3 Thickest part is rotated 180 degrees clockwise
Pos 4 Thickest part is rotated 270 degrees clockwise
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The beam deflection angle, &, must be calculated for each wedge
specimen at each wavelength (Fig. 2). The equation used for this pur-
pose is thaet for a thin prism, & = a(n - 1), where & is the prism angle
and n is the refractive index. For this epplication, & is small and
can be replaced by tan @, which is equal to a, the difference in thick-
ness across a l-inch-diameter disk. Consequently, © = a(n - 1).

n-a-b]

8 AXIA
W T o > L RAY OF BEAM

WEDGE

FIG. 2. Detail Diagrem Showing Beam Deflection, No Scale.

With the average thickness of the specimens being 1/ inch, the
laternl displacement of the beam is negligible compared to the angular
deflection. Furthermore, with small engles involved and no optically
active materials, the difficulties that might be introduced because of
polarization are negligible.
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PROCEDURE

The materials employed in this study were fused quartz, earsenic tri-
sulfide, silicon, and germanium. The choice of materials was ruled by
physical properties with special emphasis on the range of refractive
indices 1.5 to 4. The specimens were disks 1 inch in diameter and approxi-
mately 1/4-inch thick, and were fabricated to provide 0-, 1l-, 2-, 5-, and
10-milliradian (mil) wedges. The faces were polished optically flat to
within 5 green mercury fringes, and were controlled with respect to the
wedge angle between them.

The wedge angles of the specimens were measured on a prism spectrom-
_eter equipped with a Gauss eyepiece. The reproducibility was determined
by repeated readings to be + 0.00006 radian. Below is a taeble showing
the wedge angles of the specimens. The wedge angle, in radians, is equal
to the difference in thickness, in inches, across a l-inch disk.

TABIE 1. Wedge Angles of Specimens, in Radians

Plane- |0.00l-red | 0.002-rad | 0.005-rad | 0.010-rad

Material .| parallel| wedge wedge wedge vedge
Quartz 0.00027 | 0.00108 | 0.00187 0.00504 0.01008
Arsenic trisulfide 0.0000i 0.00113 0.00219 | 0.00497 0.01002
Silicon 0.00028 | 0.00121 0.00201 0.00512 0.01016
Germanium 0.00008 | 0.00115 0.00217 0.00526 0.0101k

All disks of the same type material were cut from e common single
crystal, or from the same supply, eliminating possible optical variations
between them. The specimens used were a waterfree fused quartz, Type 106,
from Ceneral Electric, an arsenic trisulfide from Barr and Stroud, and
silicon and germanium blanks from Knapie Electro-Physics, Inc. The im-
purity of the silicon was given as approximately 6 parts per billion (ppb)
borron and approximately 20 ppb phosphorus; that for germanium was approxi-

mately 1 ppb total impurities, Specimens were prepared by the John H.
Ransom Laboratories.
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Three spectrophotometers were used to obtain data for analysis to
determine the variation of the possible error in transmittance between
types of instruments. The instruments investigated were Perkin-Elmer
Models 21 and 221, and & Cary Model 1k. 1In principle, these are all
dual-beam instruments. The Perkin-Elmer Models 21 and 221 are optically
alike. This is advantageous for showing variations in identical instru-
ments. Diagrams of the optical systems of these spectrophotometers are
shown in Fig. 3 and L.

Two precision holders were fabricated for retaining the specimens
securely and accurately in the spectrophotometers. Figure 5 shows one
of these holders. The ring in which the specimen is placed can be
rotated with the spectrophotometer beam as the axis. Figure 6 shows the
holder in the standard sample mount for the Cary Model lh, and Fig. 7
shows the Perkin-Elmer Model 221 with a specimen holder in place.

Transmittance spectra were taken of each wedge for varicus rotation
positions in the beam. In addition, plots of transmittance versus ro-
tation were taken at constant wavelength for more insight into the effect
of wedged specimens. Plots of quartz are not shown because effects from
wedge were negligible. (Fig. 8, 9, 10.)
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FI". 5. Specimen Yolder and Specimen.
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FIG. 6. Specimen Holder Mounted for Use in the Cary Model 14
Spectrophotometer.



NAVWEPS REPORT 8086

X9pTOH uawyoadg y3ta xsjsmojoydoxloads T2g TIPOW JIawmTI-uiIad

*208Td Ul
°L *DLd

10



*Y3JuaTanrsy UOIDTR-Z 38 T2 TOPOW
JOUTH-UTHIS] SUs UO UO0T3830; uawioads 103 90UBLFTUSUBILL JU9DIS]

11

NAVWEPS REPORT 8086

ad

H 300N
0 930 ‘NOLVLON

7oz-y
12 -1

]

q02

ANIOUIY ‘IIMVLILNSNYIL




NAVWEPS REPORT 8086

*q3BusTaABy UOIOTH-Z 38 122 TIPOH
TowTg-upNIad SUj} UO UOTIB30Y USW[Oadg JOF SOUBFFITWSUBL] JuadIdd 6 DLI

|

r o’ v r 500" VT 200 v 00" 000" “oM ‘3903M
O O OB 08 O OBE 2 OM O OosE 02 o® 08 009 o2 om o8 OO Q2Z OM Of O 520 'NOLVLOM
v v v v v v . g v v v v v [+]
¥ $04-930 02
€ 804-830 08
2 504-230 06 doz
1304-9360 ALON
1!» ')
N ~
".. . B B N \\’/. ST, o
Lo .\).:. - ....l\..n ™ '}(\\‘IJ — w
- . .... . . 4
2 U 4 L7 T ROWYRN3S £
-
OIS 409 m
0
I
—.\..) /\/ 3
- 3
F0UMENL INISWY "
doe 5
oy
22 M-ism
A . N oor

12



NAVWEPS REPORT 8086

15

‘ *Y3BUsTaA8BM UOIDTH-Z 3B
iaucoz.ﬂaooﬁqoaoﬂuvomnoﬁo&mh&uoquﬁﬁamaﬂapuoouum.oﬁ.oE

010" te $00° L 200° v 00 ' O ‘ 29038
om 0 o iz on o8 0 0% oz oel o ovs oz o o o o a2 oe1 os o, 3 ‘woiviow
- v T - - v

188

2 £

Y

B

» $04 -930022
€ 804 -930081
T804 -93008
1 $04 -9300 3L0W

4
- ... ..... Rl .... ..\.,\ d - .., \\'/.ll.\\‘\L 3
... hd o~ .'.L ,...... )... '..I|\.... ....l{‘\ m
. - nOINYRNID . 4
~ o H
»ooN. dos .m
v TN M

roz-y
" Avo-ime




NAVWEPS REPORT 8086

DATA AND ANALYSIS

Samples of transmittance spectra are given in Fig. 11 and 12.
Similar spectra were obtained for all specimens of each material. Be-
cause the transmittance of each material is different, the values cannot
be compared directly. However, they can be compared if they are normal-
ized or are given with respect to the underlected beam, that is, when
the transmittance is given relative to the value T,, obtained for the
parallel specimen. The relative transmittance is plotted against the
computed deflection angle for the four orientations of the wedge in the
spectrophotometer beam. All values of refractive index used for this
computation were taken from the IRIA State-of-the-Art Report on Optical
Materials.l Since the ordinate is relative to the parallel specimen of
each material and the computation of the deflection engle takes into
account the refractive index of each material, the relative transmittance
plots are not a function of material. Hence, the parameters for these
plots are specimen orientation, instrument, and wavelength. The result-
ing information is displayed in Fig. 13 through 22.

In computing the deflection engle of the spectrophotometer beam for
each sample, multiple internal reflections were not included. The _portion
of the beam that is internally reflected twice is given as (1 - R)2
where R i1s reflectance. The portion that is internally reflected four
times is given as (1 - R)2

At normal incidence, reflectance is given by

Nk

This expression can be used with high accuracy at nearly normal
incidence. At 2-micron wavelength for each material, the contributions
to the transmitted beam from the second and fourth internal reflection
are given in Table 2.

lUniversity of Michigan. Optical Materials for Infrared Instru-
mentation, by S. S. Ballard, K. A. McCarthy, and W. L. Wolfe. Willow Run
Laboratories, Ann Arbor, Michigan, January 1959. (State-of-the-Art Report
No. 2389-11-8), UNCLASSIFIED. ,

1L
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+ TABLE 2. Percentage of Initial Beam from Second and Fourth
Internal Reflection

Refractive Second, Fourth,
Material index %
Quartz 1,521 0.17 0.00
Arsenic trisulfide 2.418 2.03 0.06
Silicon 3,453 L. 0.kl
Germanium 4.108 5.bL 0.75

The contribution to the error in transmittance by the loss of the portion
of the beam that is internally reflected four times is considered negli-
. gible, being less than 1%. However, the portion lost from the twice-
reflected beam does contribute significantly to additional energy loss.
.The deflection for the twice internally reflected portion for a small
wedge is given by 6' = a(3n - 1).

. For the worst error condition possible on the materials employed in
this study, consider the germanium specimen with a wedge of 10 mils.

0' = 0.01 [(3)(&.108) - 1] = 0.1132 rad = 6.5 degrees

In the most extreme case, specifically left deflection with the Cary:-
Model 14 spectrophotometer, the 5.4% of the initial beam energy twice-
reflected is almost entirely lost as a result of the 6.5-degree deflec-
tion (Fig. 17). With the germanium transmittance of approximately 50%,
the error in transmittance due to multiple internal reflections is, at
most, 11% of the true transmittance value.

The 11% error found in the previous paragraph is for extreme

error conditions. Consider the magnitude of error caused by multiple
"~ internal reflections in a region of more importance; namely, the region
in which the relative transmittance is no less than 0.9. This region
is spanned by the germanium specimen with a wedge of 2 mils. The de-
flection angle of the twice internally reflected beam for this 2-mil wedge
1s 0.023 radian or 1.3 degree. Under the conditions just stated, the
5.4% of the initial beam energy that is deflected 1.3 degree is reduced
by no more than 50%. Consequently, the maximum error introduced by
multiple internal reflections is 5.4% of the true transmittance. For
materials with smaller refractive index, the error will be considerably
less than 5.4%.

15
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Instrumentel uncertainty is shown by line segments constructed above
and below each point in Fig. 13 through 22. These were determined from
a precision of +0.52 transmittance. This uncertainty applies to the three
spectrophotometers employed, and has been established from previous ex-
rerience with these instruments. From these plots, it is obvious that the
error introduced by a wedge specimen can be greeter than the instrumental
uncertainty even for small wedge angles.

It is apparent from Fig. 21 and 22 that the relative transmittance is
nearly independent ot wavelength. The deflection angle was computed with
the appropriate value of refractive index at each wavelength. The implica-
tion here 1s that the results of Fig. 13 through 20 are valid over & large
wavelength region.

The possibility of a wavelength shift in the monochromator portion
of the spectrophotometer was investigated. A wavelength calibration check
vas made using a polystyrene film. The check was made with and without a
specimen to deflect the beam. WNo wavelength shift was observed.

With the Perkin-Elmer Models 21 and 221, the specimen holder is in
thermal contact with the instrument case. The monochromator is kept at
a slightly elevated temperature for staebility. It was observed that as
the germanium specimens warmed from contact with the monochromator well,
the transmittance at the 2-micron wavelength decreased. This occurred
only on the absorption edge. This behavior is explained by the absorption
edge shift due to change in temperature.2 From ambient to monochromator
wall temperature there was an 8-centigrade-degree increase. To guarantee
reproducibility, the germanium specimens were allowed to reach equilibrium
temperature before data were taken.

Ancther potential complication is the dependence of refractive index
on temperature. If this were large it would affect the values of deflec~
tion angles; however, this effect is small. For example, the change in
index per change in temperature for germanium at 24.5°C and 2-micron wave-
length is approximately 5.9 x 10~*(C deg)~L. 3

2Fan, H. Y., "Temperature Dependence of the Energy Geap in Semi-
conductors,”" PHYS REV, Vol. 82, 1951, p. 900.

3Rank, D. H., H. E. Bennett, and D. C. Cronemeyer, "The Index of
Refraction of Germanium Measured by an Interference Method," OPT SOC AM,
J, Vol. 4k, 1954, p. 13.

16



REPORT 8086

NA

*suawtoadg aBpsM TTH-OT Pus TSTTVIRd~SUBTd

YJTA Z3I8nd PUB SPTFINITLL OTUISIY IOF ﬁpo&m aousljTWSUBL], °TT °OId

SNOYOIIN IhOZNJM)()

w_ »i £ 2! _<_ ol (3 8 ] 9 $ » € 25
{02
r
¥ NOILISOd "3903M  IN-O! 10¢
i I IVHWE - INV W 109
os
NOJIIS |
— ool
4] 4] €l 2 " ol 6 8 L 9 S » £ r o
4
Ifll} 02
i # NOILISOd ‘39G03m INOI . :
w/|\||/.||\./ ov
|~
TITIVHVL -3NYd
S i g 09
N 1
3 o8

AN3OM3d 'IONVLLINSNVHL

17



NAVWEPS REPORT 8086

*suawroadg
‘DL

88paM TTW=-OT Pue TSTTBIBJ-auvTd H3TA UODTTTS PUB UMTUBWId) JO0J BI303dg 90ouBljTWsUBI °gI
SNONHOIN ‘H19NITIIAVM
9 S ¥ 13 14
— T )
02
ov
09
214¥vN0
08
¥ NOILISOd
[39023M 1IW-01 GNY 13 TIVEVA-3NVd | 4,
S L4} €l H o] [ 8 9 S | 4 13 No
-
1 02
(¢ 4
. 109
T3TIVEVL -3INVId
108
! 3QI3INSIHL JINISHY 4
> —— - - [e]e]]

IN3DH3d ‘IONVLLINSNVHL

18



NAVWEPS REPORT 8086

RELATIVE TRANSMITTANCE
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Elmer Model 21 at 2-Micron Wavelength, lLeft—Right Deflection.
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Elmer Model 221 at 2-Micron Wavelength, left-Right Deflection.
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FIG., 16. Relative Transmittance Versus Deflection Angle for the Perkin-

Elmer Model 221 at 2-Micron Wavelength, Up-Down Deflection.
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FIG. 17. Relative Transmittance Versus Deflection Angle for the Cary
Model 14 at 2-Micron Wavelength, Left—Right Deflection.

23



NAVWEPS REPORT 8086

1.1 ~T T T T T - T T Y | Ea—
[ INST, CARY 14 B
20
ol A= 204 A
o -
os} d
- ~
W os} 4
z
d
- L
= 1
=z .
2
2 07t 4
._
w
> - 4
g
-4
W osl -
051 o
( -4
0.4% i
i DOWN 1 _, UP 1
20DEG | DEG N | DEG 2DEG
03 RO B R T TR W N N TR A N
0.03 0.02 00! 0 0.0l 0.02 0.03
DEFLECTION ANGLE, RADIANS
FIG. 18. Relative Transmittance Versus Deflection Angle for the Cary

Model 14 at 2-Micron Wavelength, Up-Down Deflection.
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FIG. 19. Relative Transmittance Versus Deflection Angle for the Perkin-

Elmer Model 21 at 2-Micron Wavelength with Newly Installed Nernst Glower,
Teft—-Right Deflection.
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FIG. 20. Relative Transmittance Versus Deflection Angle for the Perkin-

Elmer Model 21 at 2-Micron Wavelength with Newly Installed Nernst Glower,
Up-Down Deflection.
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FIG. 21. Relative Transmittance Versus Deflection Angle for the Pérkin-
Elmer Model 221 at Several Wavelength, Left—Right Deflection.

27



NAVWEPS REPORT 8086

Il T T Y Y -r T T T ™ T - T

L . INST. P-E 221 <
10 F o
oSl L
- -
w OB b
z
I i
=
=
2 ;
§ 0.7t A
o 2.0
w B 5.0 7
=
5 7.0 e
3 oef 0.0ccmeme - ]
[+ 4
0.5 -
o4} ' :
L DOWN 1= {jp e
2DEG | DEG | DEG 2DEG
03 L 'Y i A l N i i A L A J A i I |
0.03 0.02 0.0l 0 0.0i 0.02 003

DEFLECTION ANGLE, RADIANS
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SUMMARY

RESULTS

Basically, the epparent change in transmittance for a deflected
beam is simple optical misalignment. Figure 18 indinates that for
certain conditions the measured value of transmittance can be greater
with a deflected beam than with an undeflected beam. This 18 a conse-
quence of the instrument not being exactly aligned for meximum energy.
It is more important to have the instrument aligned whereby the energies
of the sample and the reference beams are identically proportional
throughout the wavelength region of the instrument than it is to have
the instrument aligned for meximum energy. The sample beam energy is
changed or lost in three ways: (1) the source image is displaced from
the entrance slit of the monochromator, (2) a portion of the beam is
greatly deflected by multiple internal reflections within the sample,
and (3) part of the beam is deflected outside the mirrors which guide
it into and -through the monochromator.

Figures 19 and 20 are labeled "New Nernst Glower" to differentiate
them from the other curves taken from the Perkin-Elmer Model 21 data.
They differ only in that a new source was installed in the instrument.
No change was made in the aligmment of the optics. Comparison of Fig. 13
and 19 reveals that the shape of the curve was maintained but was dise
placed to the left for the new Nernst glower. This suggests that the
new glower wes not placed in the exact position of the old source. These
comparisons indicate that optical alignment is critical and can make the
reproducibility of information from these instruments more sensitive to
nonparallel-faced material.

The curves of relative transmittance and of the transmittance against
specimen rotation for the Perkin-Elmer Models 21 and 221 are, roughly,
alike. Those for the Cary Model 1l differ somewhat from the equivelent
Perkin-Elmer plots. This variation is mostly caused by the difference
in optical systems. The spectrophotometers are more sensitive to hori-
zontal beam deflections than to vertical. This difference is attributed
to the fact that the slits in the instruments are vertical.

It is important to observe that the reproducibility of transmittance
measurements is a critical function of refraction index. Quartz, with
a low refractive index, did not produce a detectable error with a 10-mil
wedge; however, germanium, with a high refractive index, showed a sizeable
error with the 1l-mil wedge.
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APPLICATION

Specific spplications can be made of the results of this study. If
one wishes to obtain a slab of material to be used as a window for an
infrared instrument and the transmittance is to be measured on a spectro-
photometer comparable to those described herein, then the maximum allow-
able tolerance on the parallelism of the sides can be established to
guaraentee a given accuracy and reproducibility of transmittance measure-
ments from the spectrophotometer. It is significant to note that these
tolerances are nearly independent of wavelength.

Figure 23 is a reconstruction of the left deflection in Fig. 17 for
the Cary 1l spectrophotometer. This portion was chosen for reconstruction
because it represents the most eritical instrument investigated. For this
error greph, the deflection angle has been replaced by its independent
variables, refractive index, and wedge angle. Relative transmittance has
been expressed as percent error in transmittance. In Fig. 23 the error,
or irreproducibility in transmittance, is clearly shown for its dependence
‘on refractive index and wedge angle.

The following specific example illustrates an application of the find-
ings of this study. Assume that it is desired to know the transmittance
of an indium antimonide slab to within 10%. The refractive index of indium
antimonide is approximately 3.5. TFrom Fig. 23 the maximum allowable wedge
is 0.0028 radian. Hence, the indium antimonide window must be fabricated
with sides parallel to within 20.0028 radian to guarantee that the trans-
mittance value obteined from the spectrophotometer will be within 10% of
the true transmittance. In terms of difference in thickness across a 1-
inch diemeter disk, the tolerance is t0.0028 inches. If the transmittance
is to be found with a reproducibility of less than 10%, then the restric-
tions on the wedge tolerance must be accordingly tightened.

In the even that one has a slab, or window, of an infrared optical
material that already has more than the desired tolerance in wedge, then
the true transmittance can be approached by orienting the slab in the
sample beam to give maximum transmittance. This statement is verified
by Fig. 8, 9, and 10 which show the variation with rotation.
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